The use of radionuclide therapy in the clinical setting is expected to increase significantly over the next decade. There is an important need to understand the radiation-induced second cancer risk associated with these procedures. In this study the radiation-induced cancer risk in five radionuclide therapy patients was investigated. These patients underwent serial SPECT imaging scans following injection as part of a clinical trial testing the efficacy of a 131 Iodine-labeled radiopharmaceutical. Using these datasets the committed absorbed doses to multiple sensitive structures were calculated using RAPID, which is a novel Monte Carlo-based 3D dosimetry platform developed for personalized dosimetry. The excess relative risk (ERR) for radiation-induced cancer in these structures was then derived from these dose estimates following the recommendations set forth in the BEIR VII report. The radiation-induced leukemia ERR was highest among all sites considered reaching a maximum value of approximately 4.5. The radiation-induced cancer risk in the kidneys, liver and spleen ranged between 0.3 and 1.3. The lifetime attributable risks (LARs) were also calculated, which ranged from 30 to 1700 cancers per 100,000 persons and were highest for leukemia and the liver for both males and females followed by radiation-induced spleen and kidney cancer. The risks associated with radionuclide therapy are similar to the risk associated with external beam radiation therapy.
I. Introduction
Radionuclide therapy is a form of therapy involving the systemic administration of a radioactive compound in a patient. The primary basis for successful radionuclide therapy is the preferential uptake and retention of the radiopharmaceutical in the tumor without inducing acute or latent side effects in the patient. Radionuclide therapy has a proven track record in the clinical setting for treating a broad spectrum of solid and hematological cancers. The use of radionuclide therapy is expected to significantly increase in the next decade owing to the rapid development of a diverse set of novel radiopharmaceuticals. While the risk of second cancer development from external beam radiation therapy (EBRT) has been investigated extensively [1] [2] [3] , less is known about the radiation-induced cancer risk from radionuclide therapy. Because this risk is largely dependent on the absorbed dose and dose rate in the body one would expect sizeable differences in the risk predictions between these two treatments. The absorbed dose distribution resulting from radionuclide therapy is often heterogeneously distributed throughout the body of the patient unlike the absorbed dose from EBRT that falls off rapidly as a function of distance from the tumor. The absorbed dose from radionuclide therapy is delivered continuously over an extended period of time as governed by the radionuclides half-life, which is in stark contrast to EBRT where sizable doses are delivered to a tumor volume in multiple fractions. It is impossible to relate the risks between these treatment options without accounting for these aforementioned differences.
In order to provide adequate risk comparisons between EBRT and radionuclide therapy, new computational tools are needed. Currently, the only internal dosimetry software approved by the US Food and Drug Administration (FDA) is OLINDA/EXM (Organ Level Internal Dose Assessment for EXponential Modeling) [4] . OLINDA calculates absorbed doses using the formalism developed by the Medical Internal Radiation Dose (MIRD) committee of the Society of Nuclear Medicine [5] . OLINDA uses tabulated activity-to-dose scaling factors, or organ S-values (OSVs), generated based on standard phantoms [6] . Tumors are modeled separately as a unit-density sphere isolated in an infinite unit density medium. The major limitations of the OSV method implemented in OLINDA are that (1) phantoms that are not an accurate representation of each patient's unique geometry, (2) the radioactivity uptake and dose deposition are assumed to be uniformly distributed within each organ, and (3) the tumor not being modeled as part of the phantom leads to an underestimate of the normal tissue and tumor dose. Despite these limitations, OLINDA remains the only commercial internal dosimetry software utilized clinically because of its simplicity and ease of use.
The purpose of this work is to investigate radiation-induced second cancer risks from radionuclide therapy using an advanced Monte Carlo (MC) 3D dosimetry platform called RAPID (Radiopharmaceutical Assessment Platform for Internal Dosimetry).
II.
Methods and Materials
Dose Calculation Procedure
The RAPID framework and workflow is demonstrated in Fig.  1 . Serial 3D images (SPECT/CT) are acquired to map the agent's pharmacokinetics. Following acquisition, the images are coregistered, resampled, rescaled, corrected for partial volume effects, and masked. First, the PET/SPECT images are coregistered to the CT at each time point, a using normalized mutual information affine transformation with 12 degrees of freedom (3 rotational, 3 translational, 3 scaling, and 3 sheering). The SPECT data was then up-sampled to match the higher CT resolution. Given that Monte Carlo dosimetry relies both on accurate quantification of the activity distribution by the SPECT and the material composition/density by the CT, each resampling option has both advantages and disadvantages. Resampling is performed using the Mitchell filter kernel that offers a good compromise between ringing and blurring artifacts. The MC simulations in this work were done using the MC code Geant4 version 9.6 [7] . Geant4 is a versatile object-oriented simulation toolkit that allows for the modeling of complex geometries, radiation sources, and detectors. Geant4 has been benchmarked for a variety of different medical physics applications [8] [9] [10] . The CT and the SPECT images are used in the Monte Carlo simulation to define the geometry and source distribution, respectively. The CT images define the material composition and mass density of the simulation geometry. For this work, the entire HU range was segmented into 27 materials based on the human tissue compositions defined by Schneider et al [11] . Each HU was assigned a unique mass density according to the conversion defined in Schneider et al [11] . The SPECT images were used to define the radionuclide activity in each voxel. The decay was s simulated using the G4RadioactiveDecay module which allows the simulation of the decay of more than 2000 radioactive nuclei using the decay information from the ENSDF database [12] . The point of the radionuclide decay is sampled uniformly throughout each voxel.
The statistical relative error calculated on the voxel and ROI-level. Sufficient particles was simulated such that the average organ-level relative error was less than 1% and the average voxel-level relative error within the patient volume was less than 10%. Note that the relative error only refers to the statistical precision of the Monte Carlo dose calculation and does not take in to account other sources of uncertainty such as the activity quantification, material/density quantification, coregistration, resampling, kinetic fitting, or ROI contouring.
To speed up the simulation time, the simulation jobs were parallelized into individual slices. The whole patient CT was used to define the patient geometry and calculate the dose deposition but each job only contains one slice of the SPECT defined source distribution. For example, a whole patient simulation would run 1 job containing 80 slices while a simulation parallelized into slices would run 80 jobs each containing 1 slice of the PET/SPECT defined activity distribution. The simulation efficiency of the slice parallelization method was compared with the whole patient method by calculating the absorbed dose rate distribution at a single time point based on a SPECT/CT image. It was shown that the slice parallelization simulations were ~250-400 times faster and 3-5 times more efficient than the whole patient simulations. The image contained 80 slices with a matrix size of 512 × 512 voxels. All simulations were run on the UW Center for High Throughput Computing (CHTC) cluster.
Following the MC simulation at each time point the absorbed dose rate is co-registered to a single CT and resampled. The absorbed dose is calculated by time-integrating the absorbed dose rate in kinetic fitting module. Radiobiological dose metrics can also be calculated. The dosimetry output includes 3D dose distributions, biological equivalent dose (BED) distributions and equivalent uniform dose values in regions of interest. For this investigation 5 patient datasets were analyzed from a Phase 1 dose escalation clinical trial investigating a 'theranostic/diapeutic' molecular agent, which can be radiolabeled with either 124 I for PET imaging or 131 I for radiotherapy or SPECT/planar imaging [13] . Each patient underwent serial SPECT/CT 131 I scans following treatment. Information about dosing and scan times are provided in Table 1 . Following the workflow illustrated in Figure 1 , the total committed absorbed dose distribution in each patient was determined. In addition committed absorbed doses were also calculated using the OLINDA for comparison. 
Radiation Risk Estimation
Second cancer risks to dose limiting organs from these treatments were calculated using the BEIR VII methodology [14] . Details of this methodology can be found in Chapter 12 of the BEIR VII report, but will be described below. The relationship between the risk of second cancer induction in PET • • 60 ⁄ (1) where e is the age at treatment, D is the total dose equivalent received and s is the gender of the patient. For solid tumor sites, the parameter ρ(D) is a linear function of dose. The model parameters βs and η are provided for several organs in the BEIR VII report and are typically an order of magnitude different for the ERR.
The ERR for leukemia is defined by BEIR VII for patients over 30 as:
• 1 exp log 25 ⁄
where t is the time since the treatment and the parameter θ indicates the degree of curvature of the linear quadratic model to represent the dose-response relationship for leukemia. The model parameters βs and δ are provided for both ERR and EAR in BEIR VII. The absorbed dose to the bone marrow, which was determined within a small region of interest within the pelvic bone, was used to determine the ERR of inducing leukemia in these patients. The lifetime attributable risk (LAR) is the probability that an exposed patient will develop a cancer during their lifetime. The BEIR VII report recommends taking a weighted average (log-scale) between the ERR and EAR to derive the LAR given as: 
where . . # ⁄ is the probability of a patient surviving from their exposure age (e) to their attained age (a) and were derived from life-span tables provided by Anderson and DeTurk [15] . The recommended latent periods by BEIR VII of 5 years for solid cancers and 2 years for leukemia were used. The parameters 6 7 8 can be considered the baseline cancer risk for the exposed individual and are based on data provided in the SEER Cancer Statistics Review. The LAR coefficients derived from Eq. 1-4 and provided in BEIR VII were used for this work. The EAR values for the kidney and spleen were determined using the generic "Other solid cancer" coefficients set forth by BEIR VII. These coefficients were rescaled by a factor of 13 given that the "Other solid cancer" category combines risk for 13 remainder organs. Organ-specific coefficients were used for all remaining organs. The risks derived for leukemia assumed that the age of the exposure was 30 years. All other solid cancer risks assumed the ERR was independent of the age at exposure following recommendations from the BEIR VII report. The risk coefficients were rescaled by a factor of 1.5 to eliminate the dose and dose rate effectiveness factor (DDREF) used by BEIR committee to adjust for low dose rate exposures. This is based on the assumption that 131 I therapy can be considered a high dose and dose rate therapy due to biological clearance of CLR1404. A more appropriate approach, albeit out of the scope of this work, would be to determine DDREF with a value between 1 and 1.5 specific to this type of therapy.
III. Results
Mean absorbed doses to the kidneys, spleen, liver, and bone marrow were calculated using RAPID from these treatments are provided in Figure 2 . Also included are mean doses calculated by OLINDA. As seen in Figure 2 the mean absorbed dose calculated by RAPID ranged between 1.66 -3.44 Gy. There are clear differences between absorbed doses by RAPID using patient-specific MC simulations and OLINDA where these differences can be attributed to the aforementioned weaknesses of the OLINDA software. RAPID calculates the committed absorbed dose in each voxel using patient-specific images as illustrated in the dose color washes provided in Figure 3 for Patient 2. One would expect similar variations in the ERR values calculated for these patients using absorbed dose values from these two sources. Table 2 provides the LAR for inducing cancer in the kidney, spleen, liver and blood as a function of age derived using the ERR values provided above and the EAR values (data not shown). LARs for both males and females are included. 
IV. Discussion and Conclusion
This work investigated the risk of radiation-induced second cancers in radionuclide therapy patients. The committed absorbed dose to multiple sensitive structures was calculated using RAPID. The sex-averaged ERR and LAR of developing a radiation-induced cancer in these structures was then derived following the recommendations set forth in the BEIR VII report [7] . Our results indicate that the sex-averaged ERR in these patients range from 0.5 to 4.5 depending on the organ site, absorbed dose to the site, and obtained age of the patient following the exposure. The LARs associated with these exposures ranged roughly from 30 to 1700 cancers per 100,000 persons. The LAR risks were highest for radiation-induced leukemia risks for both males and females followed by radiation-induced liver cancer. This likely due to the relatively slow clearance of CLR1404 from the bloodstream.
There has been heightened interest and concern about radiation-induced cancer risk in external beam radiation therapy in recent years. The initial results from this work indicate that the risk of radiation-induced second cancers from radionuclide therapy are similar to those predicted for external beam radiation therapy [16] . However, the risk of radiation-induced leukemia is potentially much higher given the differences in dose distributions involved. This is supported by several clinical studies on radiation-induced leukemia in patients treated with 131 I for thyroid cancer [17] . Given these findings, it is imperative that more attention be afforded to investigating the cancer risks associated with radionuclide therapy.
